Hoffmann S, Genzel D, Prosch S, Baier L, Weser S, Wiegrebe L, Firzlaff U. Biosonar navigation above water I: estimating flight height. J Neurophysiol 113: 1135-1145, 2015. First published November 19, 2014 doi:10.1152/jn.00263.2014.-Locomotion and foraging on the wing require precise navigation in more than just the horizontal plane. Navigation in three dimensions and, specifically, precise adjustment of flight height are essential for flying animals. Echolocating bats drink from water surfaces in flight, which requires an exceptionally precise vertical navigation. Here, we exploit this behavior in the bat, Phyllostomus discolor, to understand the biophysical and neural mechanisms that allow for sonar-guided navigation in the vertical plane. In a set of behavioral experiments, we show that for echolocating bats, adjustment of flight height depends on the tragus in their outer ears. Specifically, the tragus imposes elevation-specific spectral interference patterns on the echoes of the bats' sonar emissions. Head-related transfer functions of our bats show that these interference patterns are most conspicuous in the frequency range ϳ55 kHz. This conspicuousness is faithfully preserved in the frequency tuning and spatial receptive fields of cortical single and multiunits recorded from anesthetized animals. In addition, we recorded vertical spatiotemporal response maps that describe neural tuning in elevation over time. One class of units that were very sharply tuned to frequencies ϳ55 kHz showed unusual spatiotemporal response characteristics with a preference for paired echoes where especially the first echo originates from very low elevations. These behavioral and neural data provide the first insight into biosonar-based processing and perception of acoustic elevation cues that are essential for bats to navigate in three-dimensional space. spatial orientation by echolocation; Microchiroptera; elevation coding; flight height; tragus
THE UNIQUE CAPABILITIES OF flight and echolocation allow bats to navigate through a highly structured three-dimensional (3-D) environment at low light levels. Locomotion and foraging on the wing demand localization of echo sources in the bat's close environment not only in the horizontal, but also in the vertical plane (elevation). The importance of the 3-D coding of space is exemplified in 3-D, anisotropic place fields in the hippocampus of the Egyptian fruit bat (Yartsev and Ulanovsky 2013) . A dramatic distortion of 3-D space is introduced by natural water surfaces, which act like a mirror not only for light, but also for sound. On one hand, these mirrorlike properties may be exploited to enhance navigation [see accompanying paper, "Biosonar navigation above water II: exploiting mirror images" (Genzel et al. 2014) ]. On the other hand, bats drink from water surfaces, and they recognize these surfaces by echolocation (Greif and Siemers 2010) . When attempting to drink from a water body in flight, it is essential for the bat to adjust the flight height above the water surface with extraordinary precision. Specifically, the flight height must be low enough for the tongue to reach into the water but high enough to avoid body and wings getting wet.
Echolocating bats estimate the distance to a reflector through the temporal delay between the emitted echolocation pulse and the returning echo (Simmons 1971 (Simmons , 1973 . Neurons on different stages of the ascending auditory pathway of several bat species have been shown to encode this delay in their response rate selectively (Hagemann et al. 2010; Mittmann and Wenstrup 1995; O'Neill and Suga 1979; Olsen and Suga 1991; Schuller et al. 1991) . Water surfaces, however, possess a special physical property, i.e., they represent the only extended, acoustically smooth surfaces in a natural environment and can act as an echo-acoustic mirror. When a bat emits echolocation calls at an acute angle toward a water surface, the main energy of the echolocation calls is reflected away from the bat. In contrast to the high-frequency parts of emitted echolocation calls, lower frequencies in the bat's emissions show less directionality, and therefore only relatively low frequencies (approximately 40 -60 kHz) of the bat's emission will impinge perpendicularly on the water surface (Vanderelst et al. 2010 ) and thus create a strong echo from directly below (Fig. 1A, echo 1 ). In addition, the edge of the water surface may create a conspicuous echo with a longer delay (Fig. 1A , echo 2). That this pattern of reflections may arise was demonstrated by Greif and Siemers (2010) under experimental conditions, although under natural conditions the strength of the reflection from the edge of the water may considerably depend on the particular structure of the environment. Greif and Siemers (2010) further showed that echolocating bats use the very specific spatiotemporal pattern of echoes reflected from a smooth surface (e.g., water) to recognize water bodies.
Localization of sound sources or sound reflectors in the vertical plane relies on the auditory analysis of the elevationdependent spectral interference patterns introduced by the head and external ears (head-related transfer functions, HRTFs; Blauert 1997) . Because of the large ears, relative to the wavelength of their ultrasonic sounds, HRTFs are especially distinct in bats (Aytekin et al. 2004; Firzlaff and Schuller 2004; Wotton et al. 1995) . Behavioral experiments in big brown bats have shown that the tragus, a structure of the external ear that is located directly in front of the ear canal, has a strong influence on a bat's ability to localize an echo source in elevation (Chiu and Moss 2007; Lawrence and Simmons 1982; Wotton and Simmons 2000) . Because of the tragus (Fig. 1B) , the acoustic gain axis in Phyllostomus discolor suddenly drops toward very low positions in elevation at a narrow frequency range ϳ55 kHz (Firzlaff and Schuller 2003) . That is, for sounds originating from very low positions in elevation, the sound pressure at the eardrum would be largest for frequencies ϳ55 kHz. For echolocation, P. discolor emits brief (0.3-2.5 ms), downward frequency-modulated echolocation pulses in the frequency range of approximately 40 -90 kHz at call rates of up to 90/s (Rother and Schmidt 1982) . Simulating the directionality of the radiation of P. discolor sonar emissions, Vanderelst et al. (2010) could show that at a frequency of 50 kHz, the maximal energy in the call spectrum of the emission is focused onto low elevations. Thus, to estimate the exact elevation of a sound reflector below the animal, the sonar system of this bat species (i.e., the combined directionality of the emitting and receiving system) may be most effective when analyzing changes of auditory excitation in the sonar frequency range around 50 -55 kHz.
How is the information about the elevation of a reflector encoded in the auditory system of bats? The tuning of an auditory neuron to certain sound locations is described by its acoustic spatial receptive field (RF) and can be measured either with free field stimulation or, as it has been done in more recent studies, with virtual acoustic space stimuli (e.g., Brugge et al. 1994; Campbell et al. 2006; Delgutte et al. 1999; Mrsic-Flogel et al. 2005; Sterbing et al. 2002) . This approach allows stimulation via earphones, and the space-specific sound attributes, like interaural time and level differences or elevation-dependent changes of the spectral interference patterns, are digitally imprinted on the sounds. However, spatial RFs are static and thus not suitable to describe how spatial tuning of a neuron responds to dynamic stimuli for which position changes over time. Jenison et al. (2001) were the first to extend the virtual acoustic space technique to describe auditory spatiotemporal RFs in the primary auditory cortex (AC) of cats. Recruiting a similar technique but adjusting it for the purpose of sonar analysis, we recently recorded horizontal spatiotemporal response maps (STRMs) of neurons in the inferior colliculus and AC of the bat P. discolor (Hoffmann et al. 2013 ) to investigate spatiotemporal processing of echo information in azimuth.
Here, we use a combination of behavioral experiments and neural recordings to quantify how outer-ear manipulation affects flight height behaviorally and how the echo-acoustic cues signaling flight height are encoded in the bat AC.
MATERIALS AND METHODS

Behavioral Experiments
All behavioral experiments were conducted at the Max Planck Institute for Ornithology in Seewiesen (animal keeping license 311.5 TierSchG-gr issued by the Landratsamt Starnberg) under the responsibility of the Sensory Ecology Group. Six female bats (P. discolor) were separated from a breeding colony in the Department Biology II of the Ludwig-Maximilians University in Munich and brought to Seewiesen. Approval to keep and breed the bats at the Department was issued by the Regierung von Oberbayern.
Flight room and experimental setup. The animals flew freely in a large flight room (3.25 ϫ 8.65 ϫ 3 m) under red-light illumination. The room was equipped with a large artificial pond (2.5 ϫ 3 m, 4-cm water depth). The spontaneous drinking behavior of the bats was filmed with a high-speed camera (image resolution: 2,048 ϫ 1,088 pixels, 280 frames per second; Gazelle; Point Grey Research, Richmond, British Columbia, Canada), which was located directly in front of the shorter edge of the pond. The program StreamPix 5 (NorPix, Montreal, Quebec, Canada) was used to control the video recording.
Experimental procedure. For experimental sessions in the flight room, always two bats were released into the flight room while the other four were temporarily housed in a tent. To assign recorded drinking attempts to the individual bats correctly, one of the two animals was marked with a small ring fixed to each forearm. Whenever a bat had attempted to drink from the water surface, the video recording was stopped manually, and the last 2 s of recorded material was saved on a computer for later analysis.
A drinking attempt was defined as follows: the bat decreases its flight height, lowers its head toward the water surface, scoops water into its mouth, and then increases its height again. Ideally, an animal will limit body-to-water contact as much as possible.
Video recordings were conducted either with both tragi intact or both tragi reversibly glued downward with a tiny drop of superglue before the video session started. When the video session was completed, the tragus condition was checked, and the superglue was removed with acetone. To avoid habituation to deflected tragi (Hofman et al. 1998) , experimental days with deflected tragi were only rarely (interval: ϳ4 days) interspersed.
Data analysis. All video recordings were edited using StreamPix 5 to show only the drinking attempt. Using a double-blind paradigm, all video recordings were evaluated by 30 naïve students aged between 20 and 29 yr. Each student evaluated the video recordings in a different random order. None of the students knew the purpose of the video recordings nor how they were done nor were students able to distinguish between single experimental animals. Students were instructed to classify the drinking attempt in terms of the bat's flight height (see RESULTS).
Neurophysiological Experiments
All neurophysiological experiments complied with the principles of laboratory animal care and were conducted under the regulations of the current version of the German Law on Animal Protection (approval 55.2-1-54-2531-128-08, Regierung von Oberbayern). The experimental animals (P. discolor) originated from a breeding colony in the Department Biology II of the Ludwig-Maximilians University in Munich. For experiments, animals were kept separated from other bats under seminatural conditions (12:12-h day-night cycle, 65-70% relative humidity, 28°C) and had free access to food and water.
Animal preparation. The principal surgical procedure is identical to the one of Hoffmann et al. (2008) and will be described here only briefly. For surgical preparation, bats were deeply anesthetized using a combination of medetomidine (Domitor; Novartis), midazolam (Dormicum; Hoffmann-La Roche), and fentanyl (Fentanyl-Janssen; Janssen-Cilag), 0.4, 4, and 0.04 g/g body wt, respectively. Anesthesia could be maintained by additional injections of two-thirds of the Fig. 1 . A: spatiotemporal pattern of echoes a bat would receive when it is flying above a water surface. The direct echo (1) reflected by the water surface (black horizontal line) reaches the bat from a position far below the horizon and with a short temporal delay, whereas a 2nd echo (2) reflected by objects located at the edge of the water body reaches the bat from positions at higher elevation and with a longer temporal delay due to the extended travel time of call and echo. B: lateral view of the head and outer ear of Phyllostomus discolor. The tragus is labeled by an arrow. (Drawing by Sabine Peisker is printed with permission.) initial dose every 2 h. The skin and muscles overlying the skull were opened along the midline and retracted laterally. The skull surface was completely freed from tissue, and a small metal tube was fastened to the skull using a microglass composite to fixate the animal to a stereotaxic device. The accurate skull position in stereotaxic coordinates was determined as described in detail by Schuller et al. (1986) . To alleviate postoperative pain, an analgesic (0.2 mg/kg body wt; meloxicam, Metacam; Boehringer-Ingelheim) was administered. After surgery, the anesthesia was antagonized with a mixture of atipamezole hydrochloride (Antisedan; Novartis), flumazenil (Anexate; Hoffmann-La Roche), and naloxon (DeltaSelect; Actavis), which was injected subcutaneously (2.5, 0.5, and 1.2 g/g body wt, respectively), and the bat was treated with antibiotics (0.5 g/g body wt; enrofloxacin, Baytril; Bayer) for 1 wk.
Generation of virtual acoustic space stimuli. Virtual acoustic space stimuli consisted of a typical 1.2-ms echolocation call of P. discolor (Fig. 2 , A and B) that was convolved with a left-and a right-ear pair of head-related impulse responses (HRIRs) of this bat (Firzlaff and Schuller 2003) . In Fig. 2 , C, D, G, and H, HRIRs and HRTFs of P. discolor are shown for two spatial positions (0 and Ϫ82.5°) in the vertical midsagittal plane. The convolution of an echolocation call with the HRIR for a certain spatial position results in a sound event featuring the same spectral and temporal properties an echo would show at the eardrum of the bat after it was bouncing off a point reflector located at this particular position in space. When presented binaurally via earphones, this sound event, which includes all relevant spatial cues like interaural time differences and frequency-dependent interaural intensity differences, probably would be perceived by the bat as an echo of its own echolocation call ("virtual echo") originating from this particular spatial position. Virtual echoes were generated as emerging from 529 equally spaced positions between Ϫ82.5 and 82.5°( step width: 7.5°) in azimuth and elevation. Note that due to spacedependent properties of the different HRIRs, echoes from each position differed in their spectrotemporal profile. Time signals and spectra of 2 examples of virtual echoes (0 and Ϫ82.5°in the vertical midsagittal plane) are shown in Fig. 2 , E, F, I, and J. Please note that the spectrum and amplitude of a virtual echo presented to the bat from 0°in azimuth and elevation is almost similar to the echolocation call. Virtual echoes from positions above or below horizon show increasingly different spectral properties and lower amplitudes.
To measure vertical STRMs spatiotemporally, randomized echo sequences with a duration of 5, 10, 20, and 40 min were constructed from the 23 virtual echoes in the vertical midsagittal plane. The generation process was basically the same as used by Hoffmann et al. (2013) . Randomly drawn single echoes were sequentially aligned with random temporal intervals between 0 and 80, 0 and 200, 0 and 500, and 0 and 1,000 ms, respectively. This resulted in average stimulus densities (SDs) of 575, 230, 92, and 46 echoes per second, respectively. Short cut-outs of the continuous stimulus sequence are shown for the highest and lowest SD in Fig. 2 , K and L. As auditory cortical neurons habituate very fast when stimulated at high repetition rates, the vertical STRM of a unit was at least measured with 2 different SDs.
During echolocation, the bat expects to receive echo information in a sequence it actively generates by emitting echolocation calls. In this context, the type of random acoustic stimulation used in the present study seems to be rather unnatural. However, in the above-described dense stimulus sequence, all possible spatiotemporal combinations of virtual echoes are presented to the bat, and the flow of information preferred by the bat auditory system can be extracted from there.
Electrophysiological recordings. Experiments were conducted in a sound-attenuated chamber. Extracellular recordings were made in the left and right AC in anesthetized bats (see above) with conventional glass-insulated tungsten electrodes (1-to 2-M⍀ impedance; AlphaOmega). Note that responses recorded from cortical units under this anesthesia regime reflected the behavioral performance of P. discolor well. For example, the behavioral ability to discriminate differences in the statistics of complex echoes could be quantitatively predicted by the neural responses (Firzlaff et al. 2006) . Recording sessions on 4 days/wk could last up to 4 h/day for up to 8 wk. Electrode penetrations in the AC were run perpendicularly or tangentially to the brain surface with different mediolateral and rostrocaudal angles. Because it was not always possible to discriminate the activity of a single neuron clearly, the term unit will be generally used in the following to describe the collective activity of one to three neurons recorded at a recording site. A previous study (Hoffmann et al. 2013 ) using the same methods and equipment as the present study showed that the spatiotemporal response characteristics in STRMs of cortical units in P. discolor were irrespective of the amount of neurons that contributed to the response.
To characterize the basic response properties of each unit, frequency response areas (FRAs) were measured by presenting pure tones with randomly changing combinations of frequency and soundpressure level (SPL). Each stimulus with a duration of 20 ms (0.5-ms rise and fall time) was presented with 10 repetitions monaurally to the contralateral or ipsilateral ear. The spatial RF of a unit was measured by binaurally presenting virtual echoes from 144 equally spaced (15°) positions between Ϫ82.5 and 82.5°in azimuth and elevation at a presentation level of 20 -40 dB above the pure-tone threshold of the unit (as determined directly from the FRA).
All stimuli described above were digital-to-analog (DA)-converted [sampling rate: 260 kHz; RX6; Tucker-Davis Technologies (TDT)], attenuated (PA5; TDT), and presented with 5-20 repetitions and a repetition rate of 1.3 Hz. Action potentials were recorded using an analog-to-digital (AD) converter (sampling rate: 25 kHz; RX5; TDT), discriminated by BrainWare (TDT), and stored for later analysis.
For measuring the vertical STRM of a unit, echo sequences (see above) were DA-converted (sampling rate: 192 kHz; RME-Audio Fireface 400; Synthax) and presented binaurally to the bats. The presentation level of the echo sequence was adjusted so that the root mean square of the sequence was 20 -40 dB above the response threshold at the best frequency (BF; frequency at which threshold is lowest; see below) of a unit. Spikes were amplified, filtered (RA16, RX5; TDT), and recorded as a continuous trace (AD rate: 192 kHz; Fireface 400 audio interface). Recordings were done simultaneously with the presentation of the continuous stimulus sequence and the rerecording of the stimulus on a separate channel. Thus the temporal relationship of the spikes and the stimulus preceding each spike was exactly preserved for later analysis.
All acoustic stimuli were presented to the bats via custom-made transducer earphones with a flat frequency response of Ϯ3 dB between 10 and 100 kHz, a maximum SPL slightly above 100 dB, and moderate distortions mainly at low frequencies (Schuller 1997) .
After experiments were completed, electrolytic lesions were made to the brain to reconstruct the position of recording sites in standardized stereotaxic coordinates of a brain atlas of P. discolor (A. Nixdorf, T. Fenzl, and B. Schwellnus, unpublished observations). Experimental animals were euthanized by an intraperitoneally applied lethal dose of pentobarbital (0.16 mg/g body wt) and subsequently transcardially perfused.
Data analysis. All data were analyzed using programs written in MATLAB 7.5 (The MathWorks). A detailed description of how basic response properties were analyzed can be found in Hoffmann et al. (2008) . Briefly, the spike responses of a unit were pooled over all stimulus repetitions to determine the FRA and the static spatial RF. The BF and auditory response threshold of a unit were determined from the FRA directly. Q10dB values as a measure of sharpness of frequency tuning were calculated using the following equation: Q10dB ϭ BF/bandwidth measured at BF and 10-dB SPL above response threshold. First spike latencies defined as the median of the latencies of the first spike to each stimulus presentation were determined at the BF of a unit and 20-dB SPL above threshold. Response duration indicates the temporal precision of a unit and was determined from pooled responses to all stimuli presented to record the FRA. The static RF covered spatial positions from which presented virtual echoes elicited at least 50% of the maximum response for all presented virtual echoes. The centroid of the RF was determined by calculating the center of gravity of this area in azimuth and elevation.
To construct the vertical STRM of a unit, a reverse correlation method was used. The construction process is described in detail in Hoffmann et al. (2013) . Briefly, for each spike, the spatiotemporal stimulation pattern within a 50-ms interval preceding the spike was averaged. To evaluate the level of stimulus uncorrelated background activity, matrices were constructed from randomly drawn 50-ms segments of the stimulus sequence. Excitatory (positive) and suppressive (negative) deviations from this background activity were considered to be significant based on a pixelwise t-test. Formation of excitatory and suppressive areas was based on a clustering (Ͼ3) of space-time bins with significant (P Ͻ 0.01) positive or negative t-values (Ϯ1.9), respectively. For each area, the position of the center of gravity was determined in the spatial and temporal domain.
As the construction of STRMs is based on a spike-triggered average, vertical STRMs were generated only for units from which at least 500 spikes could be evoked during the time of stimulus presentation.
RESULTS
Behavioral Experiments
One hundred seventy-eight video recordings were made from five bats while the bats attempted to drink from a water surface. To study the influence of the bat's tragus on the perception of the height above the water surface, 40% (71/178) of the drinking attempts were recorded in a "tragus deflected" condition (see Table 1 for number of recorded drinking attempts for single bats). Behavioral performances, in terms of the bats' adjustment of the correct flight height for drinking, in 178 recordings were evaluated by 30 students.
The top 2 panels in Fig. 3 depict examples of drinking attempts that were rated correct (top left) or too low (top right) by most students. Average evaluations across students are shown in the bottom 5 panels of Fig. 3 for the 5 bats tested. Visual inspection shows that the percentage of correct evaluations with intact tragus is higher for bats 1-3 and 5 but not for bat 6. The data also indicate that tragus deflection leads to significant biases in the evaluations: specifically, for bats 1, 3, and 6, tragus deflection leads to a rightward shift of distribution of evaluations, indicating that tragus deflection makes these animals' approach on average too low. For bats 2 and 5, on the other hand, data indicate that tragus deflection makes these animals' approach too high.
To quantify these interpretations, we applied a generalized linear model of binomial type to the raw evaluation data (SPSS Statistics, IBM, Armonk, NY). For the statistical analysis, the categories far too high and too high were lumped together as well as the categories too low and far too low because initial analysis showed that students were individually biased toward less or more extreme evaluations. The resulting four categories and the two tragus conditions (intact or deflected) were used as factors for the model. In the statistical model, both the main effect of these two factors and their interaction were considered. The statistical model revealed a highly significant interaction between these two factors (P Ͻ 0.001) for each individual bat, confirming that tragus deflection significantly affected the students' evaluation of flight height of each animal. The analysis also confirmed that the likelihood of correct evaluations differed significantly between the two tragus conditions. Note, however, this was also true for bat 6, which was rated to have more correct evaluations with deflected tragi. The generalized linear model also confirmed that the percentages of lumped too low and too high evaluations differed significantly for the too low evaluations in bats 1, 3, and 5 and in the too high evaluations for bats 2, 3, 5, and 6. 
Biophysical Effects of Tragus Deflection
To understand the changes of elevation-dependent spectral cues induced by deflecting the animals' tragus, we reanalyzed HRTF data of one P. discolor from a previous study (Firzlaff and Schuller 2003) . The HRTF magnitude in decibels as a function of frequency is plotted as a function of elevation at 0°a zimuth in Fig. 4 with data from a normal P. discolor ear in A and from an ear with deflected tragus in B. The analysis shows that the deflection of the tragus induces major changes in the HRTF: specifically for frequencies between 50 and 60 kHz, the position of maximal pinna gain is shifted upward, and the spectral notch, for which the center frequency moves from low to high with increasing elevation, is much less pronounced with deflected tragus. To quantify these HRTF changes, we calculated Euclidean distances between each HRTF of the normal ear and every HRTF of the ear with deflected tragus. This measure describes at which elevation a specific frequency would be perceived by the bat with deflected tragus in contrast to the perception with intact tragus. Figure 4C shows the simulated shift in perceived elevation induced by the tragus deflection for the frequency range ϳ55 kHz, which was effected most by the tragus deflection. The data show that for this frequency range pronounced upward shifts of perceived elevation are induced by tragus deflection especially at elevations below Ϫ60°. Thus these data indicate that tragus manipulations induce a systematic bias of perceived elevation of echoes originating from far below the bat. However, considering that our model is based on data from only one individual HRTF and the bats' flight height adjustments were more variable than this simple model predicts, it is likely that HRTFs are individually so different that tragus deflection may in another P. discolor lead to completely different shifts of perceived elevation.
Neurophysiological Experiments
Extracellular recordings were derived from 175 acoustically responsive units in the AC of both hemispheres of four P. discolor. BFs of recorded units were in a range between 23 and 95 kHz (median: 63 kHz), and response thresholds at BF were between 3-and 80-dB SPL (median: 40-dB SPL). An example of a typical FRA is shown in Fig. 5A . Eighty-two percent (143/175) of units showed robust responses to continuous stimulation in virtual acoustic space. Units in which Ͻ500 spikes were elicited during presentation of the virtual echo sequence were excluded from further analysis.
In a subset of 116 neurons, the static spatial RF was measured (see Fig. 5B for an example of the same unit as in Table 2 for numbers of STRMs recorded with certain SDs for all unit classes).
Fifty-one percent (73/143) of units were classified into class 1. These units showed a 1st excitatory area close to 0°eleva-tion (median: Ϫ5°), which was followed by 1 or more excitatory areas at lower elevations (median: Ϫ26°; see Fig. 6A for an example and Fig. 7 for population data). Temporal separations between the 1st and the 2nd excitatory area in class 1 units ranged between 1 and 18 ms (median: 7 ms).
Twenty-four percent (34/143) of units were classified into class 2. The STRMs of these units are dominated by a single excitatory area that is low-latency (median: 9 ms) and temporally sharp but spatially relatively broad and inconspicuous (see Fig. 6B for an example and Fig. 7 for population data).
Ten percent (14/143) of units were classified into class 3. Class 3 units showed only 1 excitatory area close to 0°e levation (median: Ϫ6°) with a relatively long and jittered latency (median: 22 ms; see Fig. 6C for an example and Fig. 7 for population data). Six percent (9/143) of units were classified into class 4. These units were characterized by a 1st excitatory area in their vertical STRM, which was located at very low elevations (median: Ϫ74°) and was followed by spatially and temporally separated excitatory areas at higher elevations (median: Ϫ45°; see Fig. 6 , D-H for examples and Fig. 7 for population data) . Temporal separations between the first and the second excitatory area in class 4 units ranged between 7 and 13 ms (median: 10 ms). Interestingly, the response thresholds of these units were very low (median: 24-dB SPL), and BFs were all ϳ55 kHz, i.e., in that frequency range where, as shown above, tragus deflection causes a pronounced change in the HRTF.
As shown in Fig. 8A , recording sites of acoustically responsive units were mainly located in the posterior-dorsal subfield of the AC in Phyllostomus. Within the subfield, no clustering or specific distribution of units could be observed for the different response classes (Fig. 8, B and C) . For an overview of the basic response properties of class 1-4 units, in Fig. 9 , median values and range of values are shown for BF, response threshold, Q10dB, first spike latency, and response duration.
The results of a detailed analysis of the spatial and temporal dimensions of excitatory areas in STRMs of class 1-4 units are shown in Fig. 10 . Except for class 4 units, the spatial extent of excitatory areas is generally narrow with median values between 25 and 42°(4 panels on the left in Fig. 10 ). Most interestingly, STRMs with the on average spatially most focused and spatially broadest excitatory areas, respectively, are found in class 4 units. The high spatial focus (median: 15°) of the first excitatory area in combination with the large area of space (median: 58°) covered by the second excitatory area in their STRM may indicate the high degree of functional specification (see DISCUSSION) in class 4 units. The extent of excitatory areas in the temporal domain indicates the temporal precision of the neural response elicited by echoes from spatial positions covered by the excitatory area. In general, temporal precision was high with a median jitter of the response always far below 10 ms (4 panels on the right in Fig. 10 ). Highest temporal precision was found in the second excitatory area in the STRMs of class 1 and in the excitatory area in STRMs of class 2 units. In contrast, the first excitatory area in STRMs of class 1, the excitatory area in STRMs of class 3, and the first excitatory area in STRMs of class 4 units have a comparable low temporal precision.
DISCUSSION
The current study combined behavioral experiments and neurophysiological recordings to show how the bat P. discolor (Hoffmann et al. 2008 ) are superimposed. Projections of recording positions of class 1 (gray asterisks; n ϭ 73) and class 2 (black circles; n ϭ 34) units and of class 3 (gray crosses; n ϭ 14) and class 4 (black diamond; n ϭ 9) units onto the flattened surface of the AC are shown in B and C, respectively. exploits biosonar information above water surfaces to adjust flight height. Manipulation of the tragi of the bats' outer ears impaired the adjustment of flight height in attempts to drink from a water surface. Examination of an exemplary HRTF of one bat revealed that the directionality of hearing, and consequently the behavioral judgment of flight height, was most affected by tragus manipulation in a narrow range of frequencies ϳ55 kHz. A subpopulation of cortical neurons, sharply tuned to this frequency range, showing spatial selectivity to low elevations and displaying spatiotemporal response patterns specifically suited to encode reflections from water surfaces, could provide for the neural basis of estimating flight height above water surfaces.
Behavioral Relevance of Reflections from Water Surfaces
Echolocating bats rely on a special physical property of water surfaces to detect and recognize water bodies: water surfaces represent the only extended, acoustically smooth surfaces in a natural environment and can act as an echo-acoustic mirror. Greif and Siemers (2010) could show that bats of different species perceived any extended echo-acoustically smooth surface to be water and attempted to drink from it. They suggested that this stereotypical behavior is innate to bats, as even naïve juvenile bats showed spontaneous drinking behavior when flying above a smooth surface. The authors therefore assume that echo-acoustic water recognition is based on hardwired neural processing. In addition, several bat species are known to hunt over water surfaces [e.g., Myotis daubentonii (Siemers et al. 2001 (Siemers et al. , 2005 Zsebok et al. 2013) ] and sometimes even make use of surface ripples caused by potential prey to glean this prey from the water surface (Halfwerk et al. 2014) .
Spectral or Temporal Cues?
All of the above-mentioned behavioral tasks are crucially based on the perception of the correct flight height, which, if under-or overestimated, leads to undesired collisions or hampers successful capture of prey or successful drinking attempts. For drinking or capturing prey from water surfaces, the last few centimeters are the most critical. Therefore, echoes will be reflected from the water surface with very short delays (less than ϳ200 s, corresponding to a flight height of ϳ3.4 cm). Although pulse-echo delays below 1 ms can be encoded by cortical neurons (Razak and Fuzessery 2008) , this is beneath the range of best delays (1-20 ms) typically reported for delay-sensitive neurons in the auditory system of bats (Hage- Fig. 9 . mann et al. 2010; Schuller et al. 1991; Suga and O'Neill 1979; Sullivan 1982) . Temporal cues are thus unlikely to play an important role in estimating the flight height above water surfaces when a bat is attempting to drink.
In contrast, elevation-dependent spectral cues generated by the outer ear and especially the tragus are readily available and are thus most likely to underlie estimation of flight height by bats attempting to drink. Note that these spectral cues depend not only on the direction of the echoes, as it would be true for passive hearing, but also on the spectral interference between call and echo. As call and echo clearly overlap in time when the bat is close to the water surface, changes of the flight height will change both the position and magnitude of, e.g., spectral notches generated through destructive interference between call and echo. Therefore, the approach of an echolocating bat toward a water surface will generate a time-variant spectral interference pattern with a characteristic (but individually different) signature. Our behavioral experiments confirmed this hypothesis as deflection of the tragus changes this signature and thus significantly impaired the bat's estimation of flight height when attempting to drink from a water surface. This is in accordance with results from earlier studies that demonstrated that the pinnae of bats and other mammals create spectral cues in azimuth end elevation (e.g., Fuzessery 1996; Rice et al. 1992) . Especially the tragus of bats is important for the generation of spectral cues in elevation (Wotton et al. 1995) and for discrimination performance in elevation (Lawrence and Simmons 1982; Wotton and Simmons 2000) .
The simulations based on the HRTFs shown in Fig. 4C demonstrate that tragus deflection produces a pronounced upward shift in perceived elevation, which is behaviorally especially pronounced around frequencies of 55 kHz. This pronounced upward shift of perceived elevation could lead to a systematic behavioral error in that the animals could judge their downward trajectory toward the water surface systematically as too steep. Indeed, three of the five animals (bats 1, 3, and 6) systematically flew too low, which may result from a too-steep trajectory. Because of the fact that, with deflected tragi, two animals flew systematically too high, such simulations based on the HRTFs of one individual cannot account for the observed behavioral variance across individuals. However, our results indicate that spectral cues generated by the tragus provide the biophysical foundations for the neural coding of elevation in the bats' AC.
Neural Coding of Reflections from Water Surfaces
The spectral cues generated by biophysical properties of the special pinna/tragus configuration in bats are specifically encoded in the AC. First, cortical units in P. discolor tuned to 55 kHz had spatial RFs located at elevations far below the horizontal line. The spatial positions of RFs thus seem to follow the spatial position of the pinna gain axis (Firzlaff and Schuller 2003) . The influence of pinna directionality on spatial tuning of auditory neurons has also been shown in several other studies (e.g., Jen et al. 1989; Sun and Jen 1987) . Second, a subpopulation of cortical units (class 4) tuned to 55 kHz displayed spatiotemporal response patterns that were specifically suited to encode reflections from water surfaces: the vertical STRMs of these units had two excitatory areas located at low elevations. Whereas the first excitatory area in class 4 units at a very low elevation may in this context encode the direct reflection from the water surface (Fig. 1A, echo 1) , one can speculate that the second excitatory area at a higher elevation may encode reflections from the edge of the water body (Fig. 1A, echo 2) . Temporal separations between the two excitatory areas in STRMs of class 4 units ranged between 7 and 13 ms and may indicate the distance between the bat's position above the water body and the edge of the water body (i.e., 119 -221 cm). Thus the excitatory areas in class 4 units were spatiotemporally arranged in a way that they are likely to encode the two spatiotemporally separated reflections arising directly from the water surface and from the edge of the water body in situations when the bat is flying at distances of 1-2 m to the edge of the water. That edges of water bodies are echo-acoustically very conspicuous has been shown by Siemers et al. (2005) and Zsebok et al. (2013) .
Another physiological property of class 4 units supports their role for detection of water surfaces and flight height estimation, namely their low response thresholds. Greif and Siemers (2010) ensonified differently structured surfaces with an artificial echolocation call and recorded the reflected echo scenes. They showed that a smooth water surface produced only a short and faint perpendicular ground echo, whereas a textured surface (e.g., sand) produces a strong ground echo that overlaps with many following echoes generated by the uneven surface structures. Thus a sandy surface produces a much longer echo sequence with much higher amplitude than a water surface. Furthermore, in the spectrogram of the water surface, an additional short and faint indirect echo from the back edge of the water pool shows up, which is lacking in the spectrogram of the sandy surface. The high auditory sensitivity found in class 4 units would facilitate the detection of short and faint echoes as they are generated by water bodies.
Influence of Anesthesia
All neurophysiological data presented here were recorded in anesthetized bats. A possible influence of the used anesthetics on STRMs has been described in detail by Hoffmann et al. (2013) and will only be briefly discussed here.
During neurophysiological experiments, bats were anesthetized with a combination of medetomidine, midazolam, and fentanyl. Medetomidine did not produce an observable effect on neural activity in the primary AC of the Mongolian gerbil (Ter-Mikaelian et al. 2007) , and immunoreactivity for endogenous opioids such as enkephalin is generally low or absent in the primary AC (Aguilar et al. 2004; Robertson and Mulders 2000) . Only the benzodiazepine midazolam might possibly have affected the results of our study. Benzodiazepines enhance GABA A -mediated inhibition. Temporal processing of bat inferior colliculus neurons was influenced by GABAergic disinhibition only in that the phase-locking ability was increased (Lu et al. 1998) . The use of midazolam in our study might therefore have led to a decrease in overall neural activity and a decrease in temporal coding precision. However, previous studies have shown that neural responses measured in bats anesthetized with medetomidine, midazolam, and fentanyl reflected the behavioral performance in object discrimination of the bats well (Firzlaff et al. 2006 (Firzlaff et al. , 2007 . The influence of the anesthesia in the present study should therefore only be moderate, too.
Here, we discussed our results mainly in light of the aspects important for the estimation of flight height above water surface. However, in a natural situation, bats can exploit the unique reflective properties of water surfaces in many others ways. For example, bats could benefit from echo-acoustic mirror images in tasks that require avoiding hidden obstacles. This could be especially important while navigating in cluttered habitats, like edges of ponds and streams covered by dense vegetation with branches often protruding the water surface. As extensive flight avoidance maneuvers are very costly and flying too low above a water surface is risky, bats will aim to minimize energetic costs by optimizing their flight path. We hypothesize that cortical units with STRMs belonging to class 1 could serve as a neural substrate to accomplish this task as they seem to be especially sensitive to echoes reflected from obstacles in elevations below the horizontal midline with a long delay [please see Genzel et al. (2014) ]. An extended echo delay would be characteristic for an object hidden by a branch hanging above the water surface, which can only be detected by a bat through indirect echoes that are reflected via the water surface. This hypothesis is supported by results from behavioral experiments reported in the accompanying paper (Genzel et al. 2014 ).
In conclusion, the present study demonstrates that bats behaviorally make use of echoes from water surfaces for navigation and flight height estimation. This is especially important for drinking behavior. They exploit elevation-dependent spectral cues generated by the biophysical filter properties of the outer ears and tragi. Neural processing of these cues in the AC is based on a truthful representation of spatial and temporal echo features in a narrow frequency band closely matching these filter properties.
